Background: Sirtuin 3 (Sirt3), one of the seven Sirtuins family members, plays critical roles in the progression of multiple cancer types. However, its role in the prognosis of hepatocellular carcinoma (HCC) has not yet been investigated systematically. Methods: The correlation of Sirtuins expression with prognosis of HCC was determined by immunohistochemistry (IHC) in a large HCC patient cohort (n = 342). Expression of Sirt3 in tumoral and peritumoral tissues of HCC patients were further determined by western blotting (WB).
Background
Hepatocellular carcinoma (HCC), with rising incidence in the west, is the third leading cause of cancer-related death worldwide [1] . Although many advances in HCC therapy had been reached, surgical resection and liver transplantation remain the most reliable curative treatment modalities for selected patients. One of the major obstacles for improved outcome after resection is the high frequency of recurrence. It was proposed that reactive oxygen species (ROS) produced by mitochondria was participated in HCC progression and metastasis, through promoting DNA damage or altering cellular signaling pathways [2] [3] [4] [5] . Recently, Sirt3 has emerged as a critical modulator of mitochondria function by reducing mitochondria membrane potential and ROS levels [6] [7] [8] [9] .
The Sirtuins, a family of orthologues of yeast silent information regulator 2 (Sir2) found in a wide range of organisms from bacteria to human, regulate metabolism; cellular proliferation and survival; stress resistance and apoptosis, and participate in metabolic; cardiovascular and neurodegenerative diseases; inflammatory and cancers [10] [11] [12] . Sirt3, a member of the family, functions mainly as the primary mitochondrial deacetylase that modulates mitochondrial metabolic and oxidative stress regulatory pathways [9, 13, 14] . Published data revealed that Sirt3 was implicated in tumor progress [15, 16] , mainly through mediating the suppression of hypoxia inducible factor 1α (HIF-1α) and inhibiting mitochondrial ROS production [17, 18] . The proliferation-suppressor role of Sirt3 was confirmed in multiple cancer types, including breast cancer and colon cancer, both in vitro and in vivo [6, 18] ; it was also reported that Sirt3 could inhibit HCC cell growth through reducing Mdm2mediated p53 degradation [19] . However, the expression status of Sirt3 in human HCC specimens is still ambiguous and the relationship between Sirt3 expression and cancer prognosis is still unclear. Hence, further intensive investigation is substantial.
In this study, we evaluated the expression status of the Sirtuin family members (Sirt1-7), mainly focusing on mitochondria member Sirt3, in a large HCC cohort by IHC staining. Then we further investigated the expression of the Sirt3 in HCC specimens.
Methods

Patients and TMA construction
A total of 342 HCC patients were enrolled in this study at the Liver Cancer Institute of Fudan University (Shanghai, China) between 2007 and 2008, and informed consent was obtained from each patient. The including criteria and postoperative follow-up procedure were described previously [20, 21] . The clinicopathological characteristics of the patients were summarized in Table 1 . The Barcelona Clinic Liver Cancer (BCLC) staging system was applied to classify the disease stage [22] . Tumor differentiation was graded by the Edmond-son-Steiner grading system [23] . Time to recurrence (TTR) and overall survival (OS) time were defined as the interval from primary surgical resection to the first recurrence or death, respectively. The study was approved by the Zhongshan Hospital Research Ethics Committee (Fudan University, China).
Tissue immunohistochemistry and evaluation system
Tissue microarray (TMA) was constructed as described previously [24] . IHC was carried out according to appropriate protocols as described in our previous reports [21] . Briefly, slides were deparaffinized in xylene and hydrated through a graded alcohol series before being placed in blocking solution to inhibit endogenous peroxidase activity. The slides were incubated with primary antibody (Sirt1 1:100, Epitomics; Sirt2 1:200, Epitomics; Sirt3, 1:200 Abgent; Sirt4, 1:200 Abgent; Sirt5, 1:100 Abgent; Sirt6, 1:150 Abgent; Sirt7, 1:100 Abgent) at 4°C overnight. Slides were then applied in the detection system of Elivision™ Plus Kit and DAB, followed by counterstaining with hematoxylin.
As a mitochondrial factor, we evaluated cytoplasmic expression of Sirt3 in HCC. A scoring system was applied as previously described with some modifications [25] [26] [27] . In brief, a staining index for each case was determined by multiplying the score for intensity of cytoplasmic staining (none = 0, weak = 1, strong = 2) with the score for proportion of tumor cytoplasma stained (<5% = 0, 5%-25% = 1, 25%-50% = 2, 50%-75% = 3, >75% = 4) [21, 26] . The results were confirmed by two experienced pathologists who were blinded to the clinicopathologic data of the patients.
Western blot analysis
The immunoblotting was carried out as previously described [28] . In brief, about thirty micrograms of proteins extracted from paired HCC and its adjacent tissues were separated by SDS-PAGE, after which the protein was transferred to polyvinylidene fluoride membranes (Millipore), membrane-bound Sirt3 was detected with rabbit anti-human Sirt3 (1:1000, Epitomics). GAPDH (1:5000, KANGCHENG) was used as an internal control. WB analysis was proceeded by the relative expression of Sirt3 in peritumoral tissues compared with tumoral tissues in each case of 51 specimen, by using GAPDH as an internal control. Furthermore, we detected the protein level of superoxide dismutase 2 (SOD2) (1:1000, Epitomics) and Sirt3 via WB analysis in another independent 15 HCC specimen.
Statistics
Statistical analyses were carried out using Statistical Package of the Social Sciences (SPSS version 17.0). χ2 test and paired t test were done as appropriate. Univariate analyses were done using the Kaplan-Meier method and compared by the long-rank test. Cox multivariate analysis was used to adjust for potentially confounding variables and to determine the independent prognostic factors. The "minimum P value" approach [24, 29] was used to get optimal cut-off for the best separation between groups of patients related to TTR or OS. Unless otherwise specified, all data were analyzed using two-tail test and P < 0.05 was considered statistically significant.
Results
Patient profile
The detailed clinicopathological characteristics of the patients are supplied in Table 1 ).
Immunohistochemical expression pattern of Sirt3 in paired tumoral and peritumoral tissues
We found that the majorities of tumoral and peritumoral tissues showed diffuse cytoplasmic expression pattern of Sirt3 (Figure 1 ). Compared with paired peritumoral tissues, tumoral tissues had significantly down-regulated expression of Sirt3 (mean, 4.07 vs. 4.27, P = 0.003). Representative cases of Sirt3 IHC staining were show in Figure 1 .
The expression pattern of other sirtuin members was described in the Supplementary Information (See Additional file 1: Figure S1 ).
Prognostic significance of Sirt3 for HCC By using the "minimum P value" approach, scoring value of 2 and 4 are the best cut-off value for intratumoral and peritumoral Sirt3, respectively (See Additional file 2: Table S1 ). On univariate analysis, patients with lower expression of Sirt3 in tumor were prone to lower OS (Figure 2A , P = 0.001) and shorter TTR ( Figure 2B , P = 0.011). Other clinicopathologic factors associated with OS or TTR were shown in Table 2 . Factors that showed significance by univariate analysis were enrolled as covariate in a multivariate Cox proportional hazards model. Multivariate analysis revealed that intratumoral Sirt3 was an independent prognostic indicator for OS ( Table 2 , P = 0.001), and retained the prognostic power for predicting recurrence ( Table 2 , P = 0.031). Furthermore, we found that intratumoral Sirt3 showed prognostic role in BCLC stage A patients ( Figure 2C and D, OS, P < 0.001; TTR, P = 0.008), and in no vascular invasion subgroups ( Figure 2E and F, OS, P = 0.002; TTR, P = 0.008). Intratumoral Sirt3 also showed prognostic role in other groups when classified by the following variables (Table 3) : large tumor (>5 cm) (OS, P = 0.003; TTR, P = 0.046), single tumor (OS, P < 0.001; TTR, P = 0.011), tumor with encapsulation (OS, P = 0.002; TTR, P = 0.036), tumor differentiation grade I-II (OS, P < 0.001; TTR, P = 0.007).
Meanwhile, patients with higher expression of Sirt3 in peritumoral tissues were prone to higher OS ( Figure 2G , P = 0.023) and longer TTR ( Figure 2H , P = 0.017), and multivariate analysis also revealed peritumoral Sirt3 had independent prognostic value for both OS ( Table 2 , P = 0.031) and TTR ( Table 2 , P = 0.047). Peritumoral Sirt3 also showed prognostic role in groups when classified by the following variables (Table 3) : single tumor (OS, P = 0.023; TTR, P = 0.016), tumor differentiation grade I-II (OS, P = 0.028; TTR, P = 0.009). The aforementioned results suggested that down-regulation of intratumoral and peritumoral Sirt3 were both associated with unfavorable prognostic performance of HCC. The prognostic value of other Sirtuin members were shown in the Supplementary Information (See Additional file 3: Table S2 ).
Correlation between Sirt3 and clinicopathological features
Both tumoral and peritumoral Sirt3 expression level were not correlated with tumor size, tumor numbers, differentiation, encapsulation or vascular invasion. We found that Sirt3 expression level in peritumoral tissues was associated with AFP (Table 4 ). Peritumoral tissues with higher AFP were prone to have lower expression of Sirt3.
Sirt3 expression in HCC and peritumoral tissues
By WB detection of Sirt3 in 51 paired tumoral and peritumoral tissues, Sirt3 was significantly down-regulated in tumoral tissues compared to peritumoral tissues (Figure 3 , P = 0.0042). As shown in Additional file 4, 9 of 51 specimen had higher expression of Sirt3 in tumor compared with paired peritumoral tissues, by using GAPDH as an internal control. In the 9 cases as mentioned above, 3 had recurrence, while 12 of 42 cases which showed high expression of Sirt3 in peritumoral tissues had recurrence (P = 0.776). Meanwhile, no difference was shown regarding the disease stage in 9 cases compared with residual 42 cases (See Additional file 5). This result was in accordance with the IHC analysis as mentioned and was supported by previous studies [19, 30] .
Correlation between the expression of Sirt3 and SOD2 in HCC and peritumoral tissues
By WB detection of Sirt3 and SOD2 in independent 15 paired tumoral and peritumoral tissues, we showed that the expression of SOD2 was positively correlated with Sirt3 (r = 0.5418, P = 0.037) (See Additional file 6).
Discussion
We systematically investigated the expression pattern and prognostic importance of the Sirtuins family for HCC undergoing radical resection for the first time. After a comprehensive analysis by IHC studies, we found that Sirt3 had more prognostic value.
In this study, we reported the down-regulation of Sirt3 in tumoral specimens compared with peritumoral tissues at the protein level, both by IHC staining and WB analysis ( Figure 1 and Figure 3 ). The discrepancy of Sirt3 expression between tumoral and peritumoral tissues was consistent with the results of other cancer studies [6, 19] . To our knowledge, ROS act as the second messengers to stimulate cell proliferation, apoptosis, and gene expression at the submicroscopic level, and excessively elevated levels of ROS can produce oxidative stress which leads to a variety of diseases, including cancer, aging, and neurologic disorders [31] . It has been proposed that Sirt3 regulated mitochondrial acetylation and ROS generation, and therefore mediated the tumor-inhibiting role in cancer. In consistent with this hypothesis, we found that the decreased expression level of intratumoral Sirt3 could independently predict elevated risks of tumor recurrence and patients' death.
Of note, Sirt3 reduces cellular ROS levels via SOD2, a major mitochondrial antioxidant enzyme [32, 33] . Sirt3 deacetylates two critical lysine residues on SOD2 and promotes its antioxidative activity [34] . Importantly, the abilities of SOD2 to reduce cellular ROS and promote oxidative stress resistance is greatly enhanced by Sirt3. In consistent with this relationship between SOD2 and Sirt3, our results showed that the expression of SOD2 was also correlated with that of Sirt3 in 15 HCC specimens, which supported that Sirt3 may reduce the expression level of ROS via the activation of SOD2.
In recent years, high recurrence rate remains a major barrier to improve postoperative outcome of HCC. So the early prediction of recurrence in HCC patients after resection is obviously important for timely treatment, which may lead to better clinically outcome, especially in patients with early stage HCC [35] . Compared to the advanced-stage HCC, the prognosis of early-stage HCC is far from homogenous, and lacks ideal indicators [36, 37] . Now our results showed that in BCLC stage A or no vascular invasion group of patients, intratumoral Sirt3 expression showed the ability to predict the risk of recurrence and patient survival (Figure 2 ). Its independent prognostic value in early BCLC stage HCC patients is of clinical importance, which maybe a useful biomarker to identify patients who should be monitored frequently and then be subjected to adjuvant therapy like antioxidant therapy [38] .
In our study, the patients with lower intratumoral Sirt3 expression showed not only higher recurrence but shorter survival times after curative resection, which was partly consistent with the results of a previous study [30] . The different results of recurrence in multivariate analysis between us may partly due to the different scoring systems of IHC evaluation and the methods of the definition of cutting off score. However, both results suggested intratumoral Sirt3 as an independent prognostic biomarker for OS in HCC patients after resection.
Recently, many studies revealed that robust production of ROS played important roles in hepatocarcinogenesis, which could directly induce DNA damage and alter gene expression [39, 40] . Furthermore, there existed a high incidence of intrahepatic metastasis and recurrence after resection [41] [42] [43] , which suggested that peritumoral environment was important. In our results, low expression of peritumoral Sirt3 was also associated with HCC recurrence and poor survival after hepatectomy. Therefore, peritumoral Sirt3 may serve as a protector of recurrence of HCC through preventing the generation of ROS. These results highlight the important role of remanent liver in recurrence and metastasis, and will be helpful in shaping postoperative strategy for the prevention of recurrence after hepatectomy.
Conclusions
This present study indicated that both intratumoral and peritumoral Sirt3 expression were associated with prognosis in HCC. Moreover, we demonstrated that the down-regulation of Sirt3 in HCC indicated aggressive tumor behaviors and predicted an unfavorable clinical outcome. Also, Sirt3 may be a useful biomarker to identify the BCLC stage A group of patients at high risk of post-operative recurrence. Therefore, further study elucidating the molecular pathogenesis of the multi-facet Sirt3 in HCC may lead to more effective and specific therapies against this intractable cancer.
